A target that is nearer to one eye than the other subtends a larger visual angle in the closer eye. Consequently, when making saccades between vertically separated targets that are closer to one eye, there is a vertical retinal disparity that must be overcome by a change in the relative alignment of the eyes. We recorded eye movements in three normal subjects and showed that in such viewing circumstances subjects made unequal vertical saccades that led to a rapid change (peak velocity up to 30 deg/sec) in vertical eye alignment. On average, 81% of the required change in alignment occurred within the saecade for downward movements and 47% for upward movements. Such unequal vertical saccades occurred independently of immediate disparity cues; saccades remained unequal when refixing to the remembered locations of the vertically-oriented targets, or even when the natural vertical disparity was nullified by a prism. On the other hand, when subjects wore the nullifying prism in front of the inferior visual field of the left eye for 8-20 hr, they showed a decrease in saccade disconjugacy (to 12-35% of the preadaptation value) to targets closer to the left eye in the inferior but not in the superior visual field. We suggest that the brain develops a three-dimensional map (horizontal, vertical, depth) for vertical saccade yoking, which is under adaptive control, and which is used to preprogram automatically the relative excursions of the eyes during vertical saccades as a function of the current and the desired point of regard.
INTRODUCTION
When an organism has two eyes that are separated laterally in the head, but with potential for some overlap in the visual field of each eye, it becomes possible to use horizontal disparity, and especially horizontal foveal disparity, for stereopsis and fusion. Vertical disparities, too, may be of some use in the perception of depth and shape (e.g. Bishop, 1989 Bishop, , 1994 Westheimer & Pettet, 1992; Rogers & Brads.haw, 1993; Gonzalez, Relova, Acufia & Alonso, 1993) . If the eyes should become excessively misaligned, however, creating too great a disparity, humans may not be able to "fuse" the disparate images into one. Consequently, the brain has developed both motor and sensory mechanisms to deal with the potential problems of unwanted ocular misalignment.
Compared to horizontal vergence, the ability to make immediate, on-line adjustments in vertical alignment is relatively feeble, being both slow and limited in range (Houtman, Roze & Scheper, 1981; Kertesz, 1983; Mottier & Mets, 1990; Sharma & Abdul-Rahim, 1992; Enright, 1992; Van Rijn & Collewijn, 1994) . Perhaps as a consequence, sensory mechanisms make a greater contribution toward fusing vertical disparities (Kertesz, 1983) . On the other hand, it has been shown that changes in vertical alignment can sometimes be quite fast, e.g. when subjects make vertical saccades between targets that are close to one eye (Oohira, Zee & Guyton, 1991; Collewijn, 1994) . This target configuration induces a vertical disparity since an object that is located off the midsagittal plane subtends a larger visual angle in the eye that is closer to the target. Furthermore, there are mechanisms for adjusting vertical alignment in the long-term, e.g. in response to various optical devices that require a change in the yoking of the two eyes (Zee & Levi, 1989; Schor, Gleason &Horner, 1990; Lemij & Collewijn, 1991; Oohira et al., 1991) . In these circumstances the vertical alignment of the eyes during vertical saccades can be rapidly changed.
Here we report further studies, in three normal emmetropic human subjects, of the motor mechanisms that underlie control of vertical eye alignment. We recorded vertical saccades to the naturally-occurring vertical disparities associated with viewing targets close to one eye, and compared the responses to vertical disparities that were induced artificially with prisms. Our goal was to define the factors that promote rapid adjustment in vertical alignment when vertical saccades of different amplitudes must be made by each eye. The findings have been reported in abstract and in preliminary form in Zee (1992, 1994) and Zee and Ygge (1993) .
METHODS

Subjects
Three healthy emmetropic subjects, two men and a woman, between the ages of 22 and 35 yr, participated in this study. One subject was one of the authors (JY), the other two worked in nonscientific fields and were naive to the specific goals of this research. The subjects had no history of strabismus, double vision, nor any other ophthalmological or neurological disease. Visual acuity was 20/20 OU and subjects had no vertical misalignment of the eyes. The horizontal phoria was less than 4 prism D in each subject for both near and distance viewing. Each subject gave informed consent before participating in these experiments.
Eye movement recordings
Binocular eye movements were measured using scleral annuli (Collewijn, van der Mark & Jansen, 1975) with the magnetic-field search-coil technique. The vertical and horizontal signals from each eye were detected, filtered (90 Hz) and then sampled at 500 Hz by a computer with 12-bit precision. System noise limited resolution to about 0.05 deg. The subject's head was stabilized with a bite-bar during the experiments
The movements of each eye were calibrated based on the raw voltages from each coil when the subject was monocularly viewing, light-emitting diodes (LEDs) that were located at distance. For the experiments in which the vertically-displaced targets were closer to one eye, each eye was calibrated with that eye first brought to the same horizontal position in the orbit in which the vertical rotations of the eye were to be made during that particular experiment. The eye movements were always calibrated separately for 0 to up 10 deg and 0 to down 10 deg.
Target stimuli
Two bars with three vertically-aligned (red) LEDs were used as stimuli. One bar with smaller LEDs was used for experiments at near (distance 9.0-12.1 cm from the eyes, depending upon the subjects interpupillary distance), while the other bar with larger LEDs was used for the experiments at distance (115 cm from the eyes). The sizes of the LEDs on each bar were chosen to subtend the same angle (about 0.4 deg in diameter) relative to the subject. For vertical saccades made on the midline, the LED bars were positioned with the center LED aligned on the nasion. The other two LEDs were positioned up and down 10 deg with respect to both eyes. The angle of vergence was about 3 deg for the distance viewing experiments and about 30 deg for the near viewing experiments, with the exact value depending upon the interpupillary distance of each subject.
To elicit vertical saccades between targets located closer to one eye, the vertical near LED array was placed in front of and closer to one eye (Fig. 1) . The upper and lower LEDs were positioned at 10 deg from the center LED with respect to the near eye. The far eye thus had to converge horizontally about 30 deg to view the target. Due to the geometrical arrangement of this stimulus configuration, a vertical retinal disparity (and size difference) was introduced, requiring the near eye to rotate by about 10 deg and the far eye by about 9 deg in order for the image of the new target to be placed on the fovea of each eye. In addition to using the physical location of the targets we also compared the amount that each eye rotated during monocular viewing to infer vertical retinal disparity. There was good concordance between the disparity estimated from the target locations and the subject's interpupillary distance, and the difference between the objective measures of how far each eye rotated during monocular viewing.
Vertical vergence to a prism-induced vertical disparity. To elicit an artificial vertical disparity, a 2D, wedge-shaped prism, oriented base up or base down, was introduced and taken away manually in front of one eye while the subject fixed upon the center LED, on the midline, either at near or at distance. The prism demand was measured during monocular viewing. No other lights were on in the room apart from the LEDs. Each subject introduced the vertically-oriented prism manually in front of the left eye, on cue from an auditory beep, and at the same time pressed a handheld button. For the binocular viewing experiments, when the target appeared as single (fused) the subject pressed the handheld button again. A few seconds later the subject pressed the button again and simultaneously removed the prism. When the target appeared single again, the subject pressed the button once more. This cycle was repeated about 10 times.
Saccades to vertically-displaced targets. Vertical saccades were collected in blocks of four refixations beginning from the center LED, to up 10 deg, back to the center LED, to down 10 deg, and then back to the center LED. This cycle was repeated 18 times. Saccades were always triggered by the disappearance of one LED and the simultaneous appearance of another, except for the dark experiment (see below). The interval between target jumps was about 1 sec for the monocular recordings and about 2 sec for the binocular recordings. No other lights were on in the room apart from the LEDs.
Several other stimulus paradigms were also used with the LED arrays. Subjects made saccades between the vertically-displaced LEDs on the midline, both at distance and at near, while wearing plano lenses with a vertically-oriented Fresnel prism (2 prism D base up), placed on the upper part of the left glass, but sparing the center portion of the lens. This created a disparity for vertical saccades made on the midline from 0 to up 10 deg that was similar in size to the naturally-occurring disparity associated with refixing between targets nearer to one eye.
Subjects were also a,;ked to make saccades to the vertically-displaced LEDs located nearer to the left eye, with a Fresnel prism placed base up in the upper visual field on a piano lent; so as to just nullify the naturally-occurring vertical disparity associated with this target configuration. With the prism on, the eyes had to rotate by equal amounts, instead of by different amounts as was called for by the natural disparity. Saccades in total darkness were elicited, on cue from an audible beep, to the remembered locations ,of the laterally-placed LEDs located at up or down 10 deg. The appropriate LED then was illuminated again, 500 msec after the beep, which was well after the saccade had finished and so precluded any visual feedback before the saccade was over.
Adaptation experiment
Two subjects wore a 2 prism D Fresnel prism, base down, applied to the lower part of a piano spectacle lens (but sparing the center of the lens) in front of the left eye, for 20 hr (JY) or 8 hr (DH), while experiencing their normal daily routines. This prism nullified the naturallyoccurring vertical disparity for objects that were close to the left eye and seen in the lower visual field. After wearing the prisms for the prescribed period, eye movements were recorded without the prism, viewing LEDs located closer to the left eye, and then at distance on the midline.
Data analysis
These data were analyzed off-line with an interactive program in which each individual trial was marked and displayed on a video monitor. The horizontal and vertical positions of each eye were shown. The vertical conjugate position of the cyclopean eye was calculated and displayed by averaging the calibrated vertical positions of the right and left eyes. The relative vertical alignment (VA), or "vertical vergence", was calculated by subtracting the calibrated vertical position of the left eye from the right eye. After digital differentiation (74 Hz band width) the peak velocity of the VA trace was measured. The mean w:locity of the response to the introduction of the prism during fixation was calculated by dividing the change in vertical alignment (VA) by the time to reach the new vertical vergence angle.
Saccades were marked by identifying the beginning of the saccade (designated a:s "i", the initial position) on the conjugate saccade when conjugate eye velocity reached 15 deg/sec. The end of the rapid pulse portion of the saccade on the conjugate trace was also identified (designated as "p", the end of the pulse), when eye velocity dropped below 30 deg/sec. These points were initially guessed using a computer algorithm, with a 74 dB digital differentiator, but the placement of the marks was always verified by the experimenter for accuracy. After the pulse portion of the saccade, the conjugate trace was then marked with an "s", 160 msec after the "p". On some traces we also placed an "f", 160 msec after the placement of the "s", i.e. 320 msec after the "p" at the end of the saccade. The vertical vergence trace was then marked at the same points in time as the marks on the conjugate trace. From this data the amount of the change in vertical alignment, AVA, could be calculated both during the saccade and in various time intervals following it.
Traces were ignored if fixation was not steady in the beginning of the trial, if the eyes were not at the calculated initial position for the trial at the beginning of the trial, or, in the case of saccade trials, if the saccade or conjugate change was less than half of the required amplitude or if a blink contaminated the saccade. Approximately 25 % of trials had to be discarded based on these criteria.
RESULTS
We will first describe the conjugacy of normal vertical saccades made to targets on the midline in the absence of vertical disparity, i.e. vertical saccades without a required change in vertical alignment. We will next describe the vertical vergence response to a prism-induced vertical disparity during fixation of a stationary target, i.e. vertical vergence without a required vertical saccade. These results will then be compared when a vertical saccade is combined with either a natural or a prism-induced vertical disparity.
Conjugacy of normal vertical saccades in the absence of a vertical disparity
For both far and near viewing, vertical saccades made to targets in the median plane were basically conjugate, showing only small intrasaccadic changes in vertical alignment (AVA), though the values were usually larger for far than for near viewing (Fig. 2) . The mean absolute values for AVA during the saccades for the three subjects were, on average 0.05 deg for near viewing and 0.11 deg for distance viewing. The absolute values of the tropia (eye misalignment with both eyes viewing), measured in up or down gaze, was quite small, averaging only 0.03 deg for both near and distance viewing on the midline.
As has been noted previously (Enright, 1989; Collewijn, Erkelens & Steinman, 1988; Zee, Fitzgibbon & Optican, 1992; Oohira, 1993) , there were consistent transient changes in horizontal alignment during vertical saccades in the median plane. For downward saccades there was a transient convergence (ranging from 0.8 to 1.5 deg, at the end of the pulse portion of the vertical saccade) and for upward saccades a transient divergence (1.1-2.7 deg). Comparing distance and near, for upward saccades the transient divergence was about 30% larger at distance, and for downward saccades the transient convergence was about 60% larger at distance.
Vertical vergence when introducing a vertical disparity with a prism
We next measured the vertical realignment of the eyes in response to a prism-induced disparity, but when no saccade was called for. When a 2prismD wedge-shaped prism was introduced in front of one eye (the left eye) during straight-ahead fixation, subjects immediately experienced diplopia. At near viewing, all three subjects were able to fuse the targets eventually, though at distance viewing only one subject (DH) was able to do so. Likewise, in response to the introduction of the prism at near, all three subjects had vertical vergence responses, but only one subject (DH) had sustained vertical vergence at distance viewing (Table 1) . These vertical vergence movements were slow, with average mean velocities ranging from 0.16 to 0.35 deg/sec, and they took some seconds for completion [ Fig. 3(a) ].
The AVA at near ranged between 59% and 95% of that demanded by the prism. (The demand was determined during monocular viewing with and without the prism.) There was no consistent difference between introducing the prism base up and base down. When the prism was removed the vertical vergence movements that restored ocular alignment were faster (on average by 44%) than those in response to the introduction of the prism, with a maximum value reaching 0.68 deg/sec in one subject (DH).The general pattern for all subjects when taking away the prism was that both eyes made a conjugate saccade in the appropriate direction for the left eye and then the right eye drifted back to the correct position [ Fig. 3(b) ].
At distance viewing only one subject was able to fuse the images (DH) and AVA was slightly faster than at near but was also often associated with vertical or horizontal saccades or blinks [ Fig. 3(c) ]. The other two subjects always experienced diplopia after introducing the prism when viewing at distance, and they were not able to fuse the images. No sustained vertical vergence movements were seen in the recordings from either subject.
During the vertical vergence movements, small, vertical (0.5-1.0 deg) and horizontal (2-4 deg) saccades [Fig. 3(c) ] were commonly seen, and during these small saccades the vertical vergence movement often appeared to speed up.
Disconjugate vertical saccades with a naturally-occurring disparity
In this experiment the targets were placed in front of and close to one eye ( Fig. 1 ), thereby introducing a vertical disparity of about 1 degree, which called for the eyes to rotate by different amounts. To view these targets the far eye had to be adducted by about 25-30 deg. No subject experienced diplopia during these experiments. In general, it made no difference whether the target was in front of the left or the fight eye. Fig. 4 shows a typical response to this stimulus configuration, and the result can be compared to the response with saccades to targets on the midline as shown in Fig. 2 . There was a clear change in the relative vertical alignment (AVA) of the eyes, which could be divided into four components ( Fig. 5 and Table 2 ). During the vertical saccade itself, i.e. the intrapulse portion of the saccade (i-p interval), there was a rapid AVA that had a maximum velocity of about 20 deg/sec for upward saccades and 30 deg/sec for downward saccades. On average, for 
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---~'~'--~ I ls FIGURE 3. Vertical vergence response to the introduction (a) and removal (b) of a 2 prism D prism, base up, in front of the left eye, during straight ahead fixation at distance (subject DH). Note the smooth, slow vergence movement after the prism is introduced (a) and the quicker recovery of normal alignment, in association with a saccade, when the prism is removed (b). In (c) (distance viewing, subject JY), in response to a 2 D prism base down, note that vertical vergence is sometimes facilitated (arrow) with a vertical saccade.
upward saccades about 47% of the required AVA was completed during the saccade; for downward saccades, about 81% (Table 2 and Fig. 5 ).
After the saccade the change in vertical alignment continued, though at a lesser pace. During the 160 msec immediately following the pulse portion of the saccade (p-s interval) there was a slower AVA with a mean velocity of 3-7 deg/sec. This change was usually followed by an even slower AVA in the subsequent 160 msec (s-f interval), with a mean velocity of 0.14).6 deg/sec, i.e. in the range of vertical vergence movements without saccades. The maximum AVA [the total change from the onset of the saccade to the end of the trial (about 2000 msec after the saccade)] was usually reached about 320 msec after the end of the saccadic pulse for downward saccades, but for upward saccades the AVA occasionally continued for up to 900 msec following the saccadic pulse [see Fig. 5, cf. (a) and (b)]. The maximum AVA was close to the value based on the demand calculated from the monocular refixation data and also from the theoretical AVA based on the stimulus configuration. A small "sensory component", however, may also have been present (Table 2 , right-hand column).
Disconjugate vertical saccades with a prism-induced disparity
We next examined the ability of subjects to generate disconjugate vertical saccades to a prism-induced disparity with the targets on the midline, both near and at distance (Fig. 6) . We wanted to know whether the rapid realignment of the eyes associated with making vertical saccades to targets near and close to one eye was related simply to the linking of a vertical saccade with a vertical disparity, or if there was something unique about vertical saccades made to a naturally-occurring disparity. The prism was placed in the upper visual field of one eye, but spared the line of sight when looking at the 0 deg LED, along the horizontal meridian. This prism created a disparity for upward saccades that was similar to the one that was incurred naturally with the targets located near and closer to one eye. The main finding for these upward saccades was that no subject could use the prism-induced disparity information to produce disconjugate vertical saccades. Neither the AVA during the saccade nor that during the 160 msec immediately after the saccade was Two of the subjects (JY and DH) were able to produce a slow vertical vergence movement after the saccade (similar to the movements induced when a prism was introduced during fixation of a stationary target), and could fuse the disparate images, especially when the targets were near. In these two subjects the amplitude of the slow vertical vergence following the saccade ranged between 0.58 and 0.64 deg at distance viewing and 0.72 and 0.67 deg at near viewing. In this circumstance (in which the eyes were vertically misaligned due to the prism), the subjects did make a disconjugate saccade back A need for disparity to make disconjugate vertical saccades to near targets?
We next asked if the immediate presence of a vertical disparity, itself, was necessary or even used to produce the disconjugate saccades that occurred with refixations between vertically-displaced targets near and close to one eye. When a prism was placed in the upper visual field (but sparing the line of sight along the horizontal meridian) to nullify the naturally-occurring disparity induced when viewing a near target that was closer to one eye, the subjects still produced disconjugate saccades [ Fig. 7(b) ]. The AVA, both during the pulse portion of the saccade, and in the 160 msec period immediately after the saccade, was the same as without a prism [cf. Figure 7(a, b) , and see Table 3 (b)], though in this case the AVA was inappropriate since it misaligned the eyes relative to the demands of the prism. The unequal saccades, however, were eventually followed by a slow vertical vergence movement that brought the eyes back to the correct alignment, given the demands of the prism. Centripetal saccades, however, back to the 0 deg horizontal position (where there was no prism) were associated with considerable intrasaccadic change in vertical alignment, similar to that during natural viewing [cf. without and with nullifying prism values for up 10 to 0 deg in Table 3 The demand (in deg) is based upon monocular recordings. The various intervals are defined in the text, with the post-f period being from 320 msec after the end of the saccade ]pulse to the end of the trial, about 2000 msec after the saccade. The values in parentheses are SDs except for the percentages in parentheses which are based on the demand. The calculation of "sensory fusion" is the difference between the demand and the total AVA.
We also asked if subjects would still produce disconjugate vertical saccades to the rememberedlocation of near targets located closer to one eye, i.e. when there was no disparity at all. Indeed, all three subjects did so. Subjects were also able to maintain the appropriate state of convergence for the remembered targets. While there was some intrasaccadic horizontal vergence change (especially divergence for upward saccades, just as is the case for vertical saccades on the midline), the final state of horizontal convergence in the dark after the vertical saccade was the same as th at before the saccade. A typical example of disconjugate vertical saccades made to a remembered target is shown in Fig. 7(c) .
Adaptation experiment
In a final set of experinaents we asked two subjects to wear a prism that covered the lower field in front of the left eye (but spared the line of sight when looking along horizontal meridian) for a period of hours (JY, 20 hr while awake; DH, 8 hr). For the lower visual field, the prism nullified the naturally-occurring disparity for near targets located closer to the left eye, but also produced a disparity for targets on the midline and increased the disparity for targets located nearer to the right eye. Both subjects experienced diplopia in the lower visual field at the beginning of the adapting period but the diplopia disappeared both at near and at distance after a few hours of wearing of the prism.
After adaptation, however, when making vertical refixations on the near array placed laterally in front of the left eye, the change in vertical alignment differed considerably between the upper and lower fields of vision (Fig. 8) . In the upper visual field the intrasaccadic d VA for 0 to up 10 deg targets was 0.62 and 0.68 for subjects DH and JY [Table 4(a)] respectively, i.e. values similar to the AVA that were observed before habitual wearing of the prism (Fig. 9 ). In the lower visual field, however, the values for AVA were markedly different from the values A 2 D base up prism was placed on the upper part of a piano glass in front of the left eye for the midline targets. For the lateral targets, saccades are compared with and without the prism. In the case for the midline targets, the prism created a vertical disparity; for the lateral targets, it nullified the naturally-occurring disparity. NR, no vertical vergence response. The pulse refers to AVA during the saccade ("i-p" interval) and postsaccade refers to the AVA during the 160 msec following the saccade ("p-s" interval). The numbers after the parentheses represent the number of observations. obtained before the adaptation period (Fig. 9) . For subject JY, AVA during saccades from 0 to down 10 deg targets had decreased from about 0.96 to 0.35 deg, and for subject DH from about 0.83 to 0.10 deg. In other words, there had been a marked decrease in the degree of disconjugacy of the eyes during vertical saccades for movements made to targets that were nearer to the left eye in the lower, but not in the upper visual field. In contrast, after the adaptation period, recordings made during 
DISCUSSION
In recent studies by ourselves (Ygge & Zee, 1992 Zee & Ygge, 1993 (1994a,b) and Collewijn (1994) , using targets close to one eye, it has been shown that each eye is held close to its correct vertical position in the orbit to assure bifoveal fixation, independent of the immediate presence of disparity cues. This finding suggests that there is a mechanism that automatically takes into account the vertical disparity that occurs with near viewing under natural circumstances, and generates the appropriate innervations to the two eyes to overcome it. Here, we have studied this phenomenon further, and also examined the dynamic aspects of the realignment of the eyes that takes place during and after vertical saccades that are made between stimuli that produce a vertical disparity. Before attempting a unif~cing hypothesis to account for our results, we will briefly summarize the main findings.
Vertical vergence movements alone, occurring without associated saccades, were weak and slow, though more effective with disparities produced with near than with far targets. When vertical vergence movements were coupled with vertical saccades using artificially-induced disparities with a prism, saccades did not become disconjugate unless the vertical positions of the eyes were already dissociated with a prism. In clear contrast, saccades did become disconjugate when linked with the naturally-occurring vertical disparity that is associated with viewing vertically-displaced targets that are closer to one eye than to the other. Much of the needed change in vertical alignment became incorporated within the saccade itself or within the immediate postsaccade period. Furthermore, saccades were still disconjugate when made in darkness to the remembered location of such near targets and even when the natural disparity was nullified by an appropriate prism. Finally, we showed that the degree of disconjugacy associated with near viewing of targets closer to one eye could be adaptively modified when the appropriate prism was habitually worn for a period of time.
Central preprogramming of vertical saccade yoking
We suggest that these results can be best interpreted by assuming that there is a brain mechanism that automatically preprograms the vertical movements of each eye to be of the correct sizes as a function of where the targets of interest are located with respective to the head (orbits), i.e. based upon the equivalent of an internallygenerated map of three-dimensional space. Because vertical disparities can occur naturally such a yoking mechanism is necessary to ensure that binocular foveal fixation is achieved as quickly as possible following vertical saccades. Furthermore, this map is under long-term adaptive control, probably being driven by disparity, or the attempt to overcome it. In this way the correct yoking of the eyes during vertical saccades can be maintained in the face of the demands of normal development and aging as well as disease and trauma. We will examine this hypothesis under five headings: vertical vergence responses to the introduction of prism-induced vertical disparities during fixation; yoking of the eyes during vertical saccades to naturally-occurring and to prism-induced vertical disparities; adaptive control of the yoking of vertical saccades; the anatomical substrate of yoking of vertical saccades; finally, an important related issue, the nature of the central encoding of eye positions within the brain, i.e. in what coordinate system are eye positions represented?
Vertical vergence to prism-induced disparities during fixation
As has been demonstrated in the past, normal human subjects have only a limited capability to overcome a prism-induced vertical disparity (Houtman et al., 1981; Kertesz, 1983; Mottier & Mets, 1990; Sharma & Abdul-Rahim, 1992) . Vertical vergence movements are slow and limited in their range, and fusion is accomplished in part by sensory mechanisms (about 20% on average in our experiments). We have shown here, however, that vertical vergence is more effective when the fixation target was physically close to the head. The reason for this improvement in vertical vergence with "nearness" of the targets is not known, and we did not distinguish among other potential influences on vertical vergence such as accommodation, sense of nearness, the size of the disparity, the size of the targets or the influence of background. Nevertheless, since naturally-occurring vertical disparities are usually related to near viewing, it is not surprising that vertical vergence was better with target configurations that were closer to the subject.
During the attempt to overcome the prism-induced disparity during fixation, vertical vergence velocity appeared to increase by a small amount during some, but not all horizontal or vertical saccades, and during blinks.
Facilitation of horizontal vergence by vertical and horizontal saccades (Enright, 1984; Zee et al., 1992; Oohira, 1993) , and by blinks (Peli & McCormack, 1986; Oohira, 1993) has been demonstrated previously and recently a facilitation of vertical vergence has been shown with horizontal saccades in a patient with a vertical strabismus (Simonsz & van Rijn, 1994 ). Here we found only an inconsistent facilitation of vertical vergence with saccades, and then not when large vertical saccades were made to a prism-induced vertical disparity presented in the visual periphery. The issue of the degree to which vertical vergence can be facilitated by saccades per se is still unsettled.
Yoking of vertical saccades during naturally-occurring and during prism-induced vertical disparities
A main finding of these experiments was that in response to vertically-separated targets located near the head and closer to one eye, a considerable portion of the necessary realignment took place during the saccade itself and almost all of the rest took place in the immediate few hundred msec following the saccade. Sensory fusion accounted for at most, 17% of the demand. The speed of realignment during the saccade was several orders of magnitude higher than the vertical vergence response to a similarly-sized prism-induced disparity during fixation. Thus, the dynamics of the change in vertical alignment during vertical saccades were quite different from those during vertical vergence in response to a prism-induced disparity imposed during fixation. Furthermore, we found that much more of the required vergence change was incorporated into the saccade itself when the movement was directed downward (81%) than upward (47%). This may reflect the fact that downward saccades are more frequently made when looking to a near target. Consequently, saccade performance is more likely to be optimized for the more commonly encountered visual circumstances.
Finally, we found that vertical saccades to a target on the midline, with disparate images induced by wearing a vertically-oriented prism that occupied a peripheral part of the visual field of one eye, showed no disconjugacy nor facilitation of vergence when the saccade began with the eyes normally aligned in the straight-ahead position. Only when the vertical positions of the eyes were already dissociated with a prism, did the subsequent saccade back to normal alignment become disconjugate and show a facilitation of the change in alignment during the saccade.
A three-dimensional map for yoking of vertical saccades
Taken together, these findings suggest that the change in vertical alignment that occurs with vertical saccades to targets that are near to the head and closer to one eye depends not so much upon disparity, per se, but upon a calculation using the relative and absolute positions of the eyes in the orbit before the saccade, i.e. the current point of regard, and to where the eyes must point after the saccade, the next point of regard. Or, perhaps more explicitly, the brain must calculate what the excursion of each eye in the orbit must be in order to ensure that the two eyes are correctly pointed for binocular foveal fixation immediately after the next saccade. We further suggest that the excursions of each eye arepreprogrammed to be of different sizes, so that much of the change in alignment takes place wiLthin the saccade, and to a lesser degree in the immediate period following the saccade. In other words, we suggest that there is a central representation of a three-dimensional map of vertical saccade "yoking", which is derived from the exact position of the point of regard, both in depth and relative to the position of the head (orbits).
This conceptual scherae is supported by the results of several other experiments. Even in complete darkness, in the absence of any disparity cues, there was still a difference in the relative excursions of the two eyes during the saccade when the subjects made saccades to the remembered locations of the targets located near and to the side. Likewise, the excursions of the two eyes were still dissimilar when the subjects made saccades with the natural disparity of the targets located near and closer to one eye nullified by a pri;~m. In this case, vertical saccades were programmed as if the prism was not there, i.e. the saccades were still disconjugate even though there was no vertical disparity calling for the eyes to move by unequal amounts during the saccade. Only well after the end of the saccade was there a slow vertical vergence movement to overcome the saccade-induced disparity. Likewise, when beginning from the primary position, saccades did not become disconjugate in response to a peripheral prism-induced vertical disparity when looking between vertically-displaced targets located on the midline. Under natural circumstances, refixation between targets in these locations do not call for disconjugate saccades. The occurrence of disconjugate saccades back to normal alignment from a position in which a vertical misalignment had been induced by the prism, could also reflect the use of the same three-dimensional map to ensure that the final normal alignment of the eyes was reached as quickly as possible! An alternative explanation for' automatic disconjugate saccade yoking. One must consider an alternative, and perhaps not mutually exclusive, explanation for the changes in saccade yoking that occur with viewing of targets close to one eye. The mechanical relationships among the vertical extraocular muscles, their tendons and other orbital structures could be such that when the globe is rotated in adduction or abduction a given innervation would not produce as much elevation or depression in the orbit (e.g. Miller & Demer, 1992; Enright, 1992) . This could lead to a change in vertical alignment (the relatively abducted or adducted eye not rotating vertically by as much as the eye closer to the primary position) that would be in the correct direction for viewing of targets close to one eye, and would be independent of disparity cues. If this were the case, however, there would have to be adaptive adjustments in .conjugate innervation for vertical saccades made to distance targets when the eyes were in extreme levo or dextro rotation, since the hypothetical mechanical effects would then tend to produce hypometric saccades. Furthermore, such a mechanical VR 35/22--E hypothesis alone would not account for the finding that saccade yoking was under adaptive control (see below).
A definitive determination of the role of mechanical versus central factors in altering saccade yoking as a function of relative orbital position will probably require direct measurements of the innervation to the two eyes during disconjugate saccades. There is already some evidence that the activity of ocular motoneurons that innervate vertically-acting muscles changes as a function of horizontal orbital position (Hepp & Henn, 1985) , but information is not yet available on such activity during vertical saccades.
Control of horizontal alignmen t during vertical saccades.
Finally, it should be noted that while the vertical yoking of the eyes appears to be tightly controlled during vertical saccades, this does not seem to be the case for the control of horizontal alignment during vertical saccades. Both near and at distance for targets on the midline, and for near targets close to one eye, there was divergence for upward saccades and convergence for downward saccades. This coupling of horizontal vergence with vertical saccades has been attributed to the normal behavior that usually associates convergence with looking down and divergence with looking up. Whether or not this explanation is true could probably be tested with the appropriate adaptation experiment in which convergence and divergence were decoupled from downward and upward saccades. Another explanation for the finding that vertical alignment seems to be more tightly controlled than horizontal alignment is the absence of a rapid vertical vergence mechanism that, if needed, could promptly realign the eyes at the end of the saccade. Even after horizontal saccades, the eyes are usually transiently misaligned horizontally due to the inherent divergenceconvergence that accompanies most horizontal saccades. Whether or not this transient misalignment serves a useful purpose for vision is unknown.
Adaptive control of vertical saccade yoking
As a last experiment, we attempted to adaptively modify the degree of disconjugacy of the two eyes during viewing of targets close to the head and in front of the left eye. We had the subjects habitually wear a prism (for 8-20 hr) covering the lower visual field of the left eye. This would nullify the natural vertical disparity that arises when refixing between vertically-displaced targets in front of the left eye. In both subjects there was a marked decrease in the degree ofdisconjugacy of vertical saccades (to 12-25 % of the preadaptation value) that was normally associated with viewing targets near and closer to the left eye, but only in the inferior field and not for saccades made in the upper field. In contrast, there was no change in the relative excursions of the two eyes during saccades for viewing at distance on the midline. Thus, in response to habitually wearing the prism, our subjects developed an (vertical and horizontal) orbital-position dependent, adaptive change in vertical saccade yoking. Presumably, disparity, or the attempt to overcome it, was the stimulus for the adaptive change in saccade yoking (Schor et al., 1990) . In some ways, the adaptation of the yoking of the eyes during saccades that we demonstrated here is comparable to adaptation of the vertical phoria as a function of orbital position (Sethi, 1986; Schor, Gleason, Maxwell & Lunn, 1993; Maxwell & Schor, 1994) .
On the other hand, there may have been another type of adaptation for distance viewing, perhaps an increase in sensory fusion, since the diplopia for distance (and near) viewing that was experienced when first wearing the prism, disappeared after a few hours. The lack of an adaptive response in saccade yoking for distance viewing could represent the relatively small amount of time during which subjects look down when also looking at distance objects. Alternatively, there may be inherent differences in the ability to modify the relative innervation of the eyes for vertical saccades at distance since there are no natural circumstances in normal subjects when this occurs. Further experiments are needed to specify the range of adaptive capabilities of vertical yoking, as a function of both the lateral position and the nearness of the point of regard, and to demonstrate any sensory adaptations that may also occur.
Anatomical substrate for vertical saccade yoking and its adaptive control
What might be the anatomical substrates for the mechanism that elaborates the proposed three-dimensional innervational map for "on-line" saccade yoking, and that which adaptively adjusts it as needed? Presumably a knowledge of the position of each eye is needed to calculate the point of regard, and hence the necessary innervations to each eye. The source of eye position information appears to be largely extraretinal--the correct saccade yoking was independent of any immediate retinal disparity cues--and could be based on orbital afference, efference copy, or some combination of the two. For example, Gauthier, Nomay and Vercher (1990) and Lewis and Zee (1993a) have shown that both afference and efference copy contribute to egocentric target localization, as reflected in the amount of change in manual open-loop pointing to targets, when one eye, which has been occluded, is displaced.
Orbital-position-dependent, disconjugate saccade adaptation has been previously shown to occur in response to optical devices (Zee & Levi, 1989; Schor, Gleason & Horner, 1990; Lemij & Collewijn, 1991; Oohira & Zee, 1992) , and in the face of muscle palsies (Virre, Cadera & Vilis, 1988; Lewis, Zee, Gaymard & Guthrie, 1994) . Lewis et al. (1994) also showed that orbital afferents are used in the disconjugate orbital-dependent adaptation that occurs in response to a vertical ocular muscle palsy. Gauthier, Vercher and Zee (1994) have also shown that orbital afference may also play a role in short-term adaptation of the phoria. Consequently, another potential role for orbital afference could be in signaling the positions of the eyes in the orbit during the adaptive modification of the three-dimensional map of vertical saccade yoking that occurs in response to persistent unwanted disparity.
As for the central structures that construct the three-dimensional map for vertical saccade yoking and maintain its long-term accuracy, one can only speculate as to what they might be. There are suggestions that the parietal lobes receive eye position information and could participate in the localization of objects in three dimensions (Andersen, 1993) . On the other hand, the cerebellum, which receives visual information, and both afferent and efferent copy information about eye position, would be well-suited to modulate and monitor saccade conjugacy both in immediate circumstances, and in the long-term (Lewis & Zee, 1993b) . Further observations, both in experimental animals and in human patients with brain lesions may help clarify these mechanisms. Collewijn (1994) has recently emphasized the simplicity and potential "naturalness" of using Helmholtz coordinates to describe human eye movements and suggested that a Helmholtz coordinate system might underlie the central neural representations of the positions of the eyes in the orbit. What is, or even if there must be, an optimal coordinate system for the central encoding of eye positions in the orbit probably has little functional significance (see also Schor et al., 1994b) . A primary goal of the ocular motor system is to make sure that the fovea of each eye points at the target of interest. Consequently, innervation to the eye muscles must be optimized for this task independent of any apparent constraints or advantages imposed by a particular choice of coordinate system. Thus, in the experiment in which our subjects habitually wore a prism that nullified the natural retinal disparity associated with near viewing of targets closer to one eye, there was an adaptive change in innervation that altered the relative positions of the eyes in the orbit. Such a change in relative eye positions would take place no matter what coordinate system was used to describe it. We conclude that the internal representation of the positions of the eyes in the orbit probably reflects whatever innervation corresponds to optimal visual function, rather than to considerations of simplicity of computation based upon any apparent advantage conferred by the particular choice of coordinate system.
Central encoding of eye position in the orbit
